Abstract In a previous paper (Harden et al. in Behav Gen 37:273-283, 2007) models of genotype-environment interaction were fitted to data from the National Merit Twin Study, resulting in evidence for an interaction: the heritability of National Merit Qualifying Test scores increased at higher levels of family income. The present paper investigates two assumptions made in the previous modeling. These were a lack of resemblance between parents for cognitive skill, and possible correlations between family income and a child's genes because of the contribution of parental genes to both. The assumptions were found not to seriously affect estimates of the interaction effect-heritability still increased with income-but they did make a difference for other parameter estimates from the modeling. One possible explanation of the observed interaction, decreasing levels of assortative mating at higher income levels, was examined and found not to be consistent with other evidence from the study. Another possible explanation, a greater freedom of members of DZ pairs at higher income levels to follow independent interests, remained plausible.
Introduction
In a previous paper (Harden et al. 2007 ), we found a statistically significant interactive effect of income on the heritability of scores on the National Merit Scholarship Qualifying Test (NMSQT). This served to generalize an earlier finding of an interactive effect of income on the heritability of IQ in low-income 7-year-old children (Turkheimer et al. 2003 ) to a different part of the age and ability ranges. In both cases, the heritability of cognitive skills increased with income.
In fitting models to the National Merit data, certain latent variables were assumed to be independent of one another. For example, shared environment (C) and income (I) were assumed to be uncorrelated, which amounts to defining C as those aspects of shared environment independent of income. The residual (E, unshared environment, error, etc.) was by definition uncorrelated with the other causal variables.
A possibly more debatable assumption (or definition of variables) was that the additive effects of genes (A) were uncorrelated with income. If parental cognitive skills are in part responsible for family income and are in part genetic, one would expect the genes transmitted to offspring to be correlated with family income. The alternative is to say that one is not talking about the heritability of cognitive skills as such, but about the heritability of cognitive skills that are uncorrelated with income. This is a bit awkward, since the main interest is presumably in cognitive skills as a whole.
Another debatable assumption made in the model fitting was that the genetic correlation of fraternal twins was .5, which implies that there was no assortative mating in their parents for the genes affecting cognitive skills.
The present note concerns the consequences of relaxing these two assumptions. Because we are manipulating certain parameters rather than solving for them, we need not address such interesting (and tricky) questions as whether one can simultaneously estimate both G 9 E interaction and GE correlation from twin data (Purcell 2002; Price and Jaffee 2008; Rathouz et al. 2008) , or whether a one-generation study can separate out the genetic and environmental components of a shared family variable such as income (Turkheimer et al. 2005) . Rather, we are simply asking: if we had made the two assumptions in question differently, how much effect (if any) would it have had on our conclusions?
Method
As in the previous paper, the data used were from 509 monozygotic (MZ) and 330 dizygotic (DZ) twin pairs from the National Merit Twin Study (Loehlin and Nichols 1976) . A slightly simplified version of the model fitted by Harden et al. (2007) was used. It differed from that model in that it fitted directly to the NMSQT scores instead of treating them as latent variables estimated from the five subscales. Because the NMSQT scores are a simple sum of the subscale scores, this is analogous to using a composite score rather than a factor score. The other simplification was to convert the NMSQT scores to standard scores to permit easier interpretation of the parameter estimates. (Income and the latent variables were already standardized in the earlier model fitting.) As before, the interaction between additive genes and income was represented by the product of the latent variables A and I, as a variable A 9 I.
To allow for the possible effect of parental assortative mating, the genetic correlation between fraternal twins was set at values of .50 (random mating, used in the original model fitting), and then .55, .60, and .65, as reflecting the effects of weak to strong phenotypic assortative mating. Weighted mean spouse correlations for IQ from the literature have been summarized as .42 (Jensen 1978) and .33 (Bouchard and McGue 1981) . A marital correlation of .33 in conjunction with a low estimate of adult IQ heritability (.4) would imply a sibling genetic correlation of about .57 under phenotypic assortative mating; a marital correlation of .42 in conjunction with a high heritability estimate (.8) would lead to a genetic correlation of about .67. (The calculation is .5 ? .5h 2 r p , where h 2 is the heritability and r p is the phenotypic spouse correlation.) The values .50 to .65 should reflect an adequate range of possibilities, especially considering that some restriction of variability of parental IQ is likely in this population. An additional assumption, to which we later return, is that if assortative mating occurs, it is constant across the income range.
To allow for the possible presence of a gene-income correlation, we set this correlation to the values .00 (as used in the original model fitting), and then .10, .20, and .30. The correlation of income with phenotypic cognitive skill in the US population has been estimated at about .35 (Jencks et al. 1972, p. 337) . Correlation with genotypic skill would presumably be less than this, to a degree dependent on heritability. (In the model, a correlation of .40 or more will produce a negative estimate of the effect of income).
Models with the above specifications were fitted to the NMSQT data using Mplus. Other conditions were as in the original model fitting.
Results
The results of fitting models incorporating different assumptions about the degree of assortative mating and gene-income correlation are shown in Table 1 . The major effect of assuming greater assortative mating was to increase the estimate of the effects of genes, a, and decrease that for shared family environment, c. In the absence of geneincome correlation there was no effect of assortative mating on the path from income to NMSQT score (it remained at .252); in the presence of such correlation, the path value Note: Values of parameter e not shown, under all conditions e = .347. r GS = genetic correlation between sibs; r IA = correlation of income with additive genes. Paths: a = additive genes to NMSQT; c = family environment other than income to NMSQT; i = family income to NMSQT; x = product of additive genes and income to NMSQT; (/SE) = ratio of x to its standard error. Standard errors as provided by Mplus based on maximum likelihood fitting shrank, but not much (.18-.17 at .10, .04-.00 at .30). The x path from the A 9 I product to NMSQT score also shrank a little under increasing assortative mating, but even lessfrom .06 to .05 at zero correlation, about half that much, from .041 to .035, at a correlation of .30. The other assumption, an increasing gene-income correlation, had a marked effect on the income path, dropping it from .25 to near zero (.04 under random mating, .00 under strong assortment). If income is correlated with the genes, the observed r of .25 between income and NMSQT score is explainable by this fact, and requires no direct effect of income on NMSQT score. The other main effects, of genes and shared environment were affected less: the genes hardly at all-an increase of .005 at most; the shared environment, slightly more, but still only about .03-.06, or 6-16%.
What about the interactive effect of genes and income on NMSQT score, the main focus of the original article? Unlike the main effect of income, it did not disappear with increasing gene-income correlation, but it got slightly smaller. At lower levels of gene-income correlation, it was quite modest, .05 or .06, but it was statistically significant, greater than twice its estimated standard error. At the highest level examined, r IA = .30, it was no longer statistically significant with these sample sizes, but there was no dramatic change-the size decrease was approximately linear with increasing correlation, and modest: in the case of random mating, the path value dropped from .06 to .04, and under strong assortative mating, from .05 to .035.
Initial discussion
Examination of two of the assumptions underlying the modeling of interactive effects of genes and income on NMSQT scores led to some qualification of the original conclusions. A reasonable presumption is that if NMSQT scores had been available for the parents of the twins in the study, the spouses would have been at least somewhat correlated on them, whereas our modeling assumed random mating. The consequence of this was that the modeling may have underestimated additive genetic effects and overestimated shared environmental ones. However, these were not of central concern in the paper, which was focused on the effects of gene-income interaction. Allowing for assortative mating would have decreased our estimate of the size of this interactive effect trivially, changing it from .061 to .051, but would not have affected its statistical significance.
Assuming no correlation between genes and income had a substantial effect on the estimate of the effects of income. If the gene-income correlation were as high as .30, the estimate of the direct effect of income on NMSQT score would have dropped close to zero. The effect of shared environment other than income would have increased a trifle; the effect of genes very slightly if at all. The geneincome interaction, our primary concern, was not changed dramatically in a quantitative sense. It showed a modest decrease in going from a zero gene-income correlation to one of .30; at the highest level of correlation, this component would no longer have been statistically significant, but there was nothing to suggest a sudden drop-off.
Any modeling necessarily involves simplifications, but it is often possible to assess the consequences of the simplifications. In our case, the assumption of random mating had relatively modest effects on the paths involving income, but would have been more serious if our focus had been on the relative magnitudes of a and c. The assumption that income and genes were uncorrelated had considerable consequences for estimating the direct effect of income on cognitive skills, but little effect on estimating the interactive effect of income and genes.
As mentioned earlier, our modeling of assortative mating assumed that it was constant across various levels of income. What if it were not?
Additional analyzes
For further analysis we break down the data according to three levels of income, allowing us to examine the interaction more directly, and to test two possible explanations of it, including the one raised in the preceding section: that assortative mating might vary with income.
The first columns of Table 2 present the correlations for MZs and DZs at different levels of family income. Family income was reported by a parent, who checked the appropriate box out of 7 on the questionnaire. We have combined the original income categories 1 and 2, 3 and 4, and 5-7 to obtain reasonable Ns for the correlations. The middle columns of the table provide direct evidence of the Note: Number of pairs in parentheses. Income = parental report of family income before taxes (in 1963 dollars); r MZ , r DZ = correlations of MZ and DZ twin pairs; NMSQT = National Merit Scholarship Qualifying Test total score; h 2 = heritability estimate; r GS = genetic correlation between siblings; r p = phenotypic correlation of parents' educational levels Behav Genet (2009) 39:165-169 167 interaction in the form of estimates of heritability-under random mating, as in the original modeling, and under strong assortative mating (assumed constant across income levels). In both cases, it is clear that heritability increases with income in these data. Thus the original conclusion of an interaction of the effects of additive genes and income on cognitive skill, which was obtained by fitting an A 9 I term in an overall model, is supported by this more direct approach: the difference between the MZ and the DZ correlations gets larger at higher levels of income. Assuming that parental assortative mating is present raises all the heritability estimates, but they still increase from lower to higher income levels. Inspection of the first columns of Table 2 suggests that the increase in heritability with income reflects a decrease in correlation among the DZ twins-the correlation between MZs remains high and even increases slightly across income levels. There might be various reasons for this difference-for example, economically better-off families might be more able to support the different interests of members of DZ pairs, whereas members of MZ pairs, because of their identical genotypes, pursue similar interests at all income levels. However, one possibility is that the decline in DZ correlation might reflect changes in the degree of parental assortment. Parental assortment will affect genetic resemblance only in DZ pairs, since MZ pairs are always genetically identical. If assortative mating were stronger at lower income levels, one would expect DZ rs to go down with increasing income, whereas MZ rs would be unaffected. An apparent A 9 I interaction could then be spurious-a change in assortative mating with income would result in a declining DZ correlation and a constant MZ correlation, and thus an increased estimate of h 2 despite no change in how the genes affect the trait. Is such a change in assortative mating plausible? We do not have cognitive test scores for the parents, but we do have data on completed education. Spouse correlations for education at the three income levels are shown at the right in Table 2 . Clearly, there is no evidence of a decline in assortative mating for education across income levels in these data-if anything, there is a slight increase. This does not absolutely rule out a decline across income levels in assortative mating for cognitive skills, but it surely renders it much less plausible. Indeed, if it is the case that assortative mating for IQ is in considerable part a byproduct of assortative mating for education (because potential spouses often meet as a side effect of the educational process), it becomes even less likely that assortative mating would have a drastically different pattern for education and cognitive skills.
What about the other option mentioned, the possibility that higher family income permits greater diversity in the activities and interests of DZ twin pairs? Table 3 reports one item of evidence relevant to this hypothesis; namely, correlations of twins on the intellectual orientation scale of the Vocational Preference Inventory. The MZs do not change much in resemblance-there is a slight decline, but not a statistically significant one. The DZs, however, show a marked decrease in resemblance with income. In fact, for the highest income category the correlation becomes negative, although the -.08 is based on a fairly small sample of 33 pairs, and would not differ significantly from zero, or from a low positive value, which is what a simple genetic hypothesis would predict.
Concluding discussion
To summarize, our further scrutiny of the data of the National Merit Twin Study suggests that the existence of an A 9 I interaction was not an artifact of the specific assumptions made in the modeling about random mating and uncorrelated A and I, although other aspects of the results were affected by these assumptions. One source of the increase in heritability estimates was a decrease in DZ correlations as family income rose. One possible explanation-that the observed A 9 I was an artifact resulting from changing levels of assortative mating with incomewas examined and found not to be plausible, given no decline for educational assortative mating with increasing income levels among the parents. Data on vocational interests suggested that the presence of diverging interests of DZ twins at higher income levels may well have been making a contribution. This would constitute a legitimate source of A 9 I interaction.
Is this the total story? Obviously not. For one thing, it would not account for an increase in the MZ correlation of NMSQT scores at higher incomes (if this increase should prove to be replicable). For another, cause-and-effect ambiguity remains: Is divergence in intellectual interests an effect or a cause of divergence in cognitive skills among DZ twins? Nevertheless, the present results do shed some light on the sensitivity of A 9 I modeling to assumptions, 
